I. Introduction
Conventional spiral antennas composed of two spiral lines symmetric on the same origin have a circularly polarized main beam normal to the antenna plane in the operating frequency bandwidth. Unlike these conventional spiral antennas, an eccentric spiral antenna whose origin is moved toward the circumference has a circularly polarized main beam off-normal to the antenna plane [l]. These spiral antennas require a vertical feed with a balun circuit, which makes the antenna structure thick and complicated. Several designs of planar spiral antennas have been proposed [2, 31, but proper designs for the planar form of an eccentric spiral antenna have not been reported. In this paper, we propose one-arm microstrip spiral antenna with a circular aperture on the ground plane that functions as an eccentric spiral antenna. Designed by using a microstrip structure, this antenna is planar and easy to fabricate. Also, it does not need any matching network. Design considerations and antenna performance are presented and discussed. Figure 1 shows the proposed Archimedean spiral antenna structure, which has a circular aperture with a radius r , , on the ground plane and a spiral arm on the other side of the substrate. The microstrip line feeds the outer end of the spiral arm. The centerline of the Archimedean spiral curve can be represented by the following equation, where r(q) is a radial distance from the origin to the arbitrary point on the centerline of the spiral, cp is a winding angle, d is a spacing between two adjacent lines, and wfis a line width designed to be 50 Q. To obtain circular polarization for wide frequency range, we found the following conditions must be satisfied: d should be the value between 1 and 2 times of wf, the spiral line should be tumed more than 1.5 times, and r(cp,) should be almost the same value as ro.
Antenna design and characteristics
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The antenna is fabricated on a 0.7874 mm thick RT Duroid substrate with E~= 2.2. Details of dimensions are as follows: r,,=15 mm, wf=2.4 mm, d=4 111111, (p,=67" and (p,=812'. The circumference of a circular aperture is chosen to be 1.5 times of the wavelength of the lowest frequency, and the sense of the polarization is the same as that of the spiral winding from outer to inner arm as seen from the circular aperture. For the present antenna configuration, RHCP waves will radiate to the upper half plane. Figure 2 shows the computed main beam direction of the antenna as a function of frequency. Both main beam e and $ angles increase linearly as frequency increases. This means that the main beam direction tilts toward the antenna plane as it rotates with respect to $. From this result, we can confirm that this structure has the radiation characteristics similar to that of an eccentric spiral antenna [I] . Also, we can predict the main beam direction easily due to the linear variation of main beam direction, especially in the low frequency range. Figure 3 plots the return loss and axial ratio in the direction of the main beam. A good agreement between the computed results obtained using E3D, an electromagnetic wave simulator based on the method of moments, and measured return loss is observed. The computed axial ratio lower than 3 dB is obtained in the range from 3.7 GHz to 9.7 GHz. Figure 4 presents the radiation patterns measured at 3.8 GHz, 4.8 GHz, and 5.8 GHz. Gains at those frequencies are 4.2 dBi, 3.9 dBi, and 3.2 dBi, respectively. The proposed antenna has a bi-directional radiation pattern due to the presence of a circular aperture in the ground plane. Because both sides exhibit similar radiation patterns, only the radiation pattern in the direction of circular aperture is plotted. It is seen that the beam is more tilted toward antenna plane as frequency increases.
Conclusions
We have proposed one-arm microstrip spiral antenna with a circular aperture on the ground plane that functions as an eccentric spiral antenna in this paper. Its main beam moves linearly as frequency increases so that the beam direction can be easily predicted. An optimized structure has a return loss less than 10 dB above 3.6 GHz, the axial ratio lower than 3 dB in the direction of main beam over one octave bandwidth, and gain over 2.5 dBi for the operating frequency range. ' . ,--* '.. -FWCP, -----LHCP,
